Introduction
Progressive Multifocal Leukoencephalopathy (PML) is a fatal demyelinating disease of the central nervous system (CNS) caused by the opportunistic human neurotropic polyomavirus, JCV. Once considered a rare disease, the incidence of PML dramatically increased after the human immunodeficiency virus-1 (HIV-1) pandemic, and is now considered an AIDS-defining condition. It is estimated that more than 4% of all HIV-1-infected patients will develop PML [4] . The histopathology of PML is characterized by the presence of extensive areas of demyelination in the subcortical white matter of the brain, with predominance for the frontal and parieto-occipital lobes [4] . Histological hallmarks of the disease include the presence of enlarged oligodendrocytes with intra-nuclear eosinophilic inclusions and giant bizarre transformed astrocytes within the demyelinated plaques. Multiple foamy macrophages, microglial nodules and perivascular cuffing of lymphocytes can also be observed, as in all types of viral encephalitis [10, 44] .
JCV belongs to the family of polyomaviruses, along with SV40 and BK virus. It is a non-enveloped, small (38-40 nm) , circular double-stranded DNA (5,130 bp) virus with an icosahedral capsid that shows a predilection for infecting glial cells and is suspected to remain latent in peripheral B-lymphocytes, stromal cells of the tonsils [34, 56] and renal tubular cells [54] . A recent study also shows the presence of viral genomic sequences in normal astrocytes and oligodendrocytes [37] . The JCV genome can be divided into three regions: (1) an early region that encodes the early proteins, large T-Antigen and small t-antigen; (2) a late region, that contains the coding sequences of the capsid proteins, VP1, VP2 and VP3, and the accessory Agnoprotein; and (3) a non-coding regulatory region (control region, CR) where the origin of replication and binding sites for several transcription factors are located [26, 43] . Upon entrance into the cell and viral DNA migration into the nucleus, cellular factors initiate transcription of the JCV early region resulting in expression of T-Antigen. The latter not only facilitates viral DNA replication, but also initiates transcription of the late region resulting in the production of VP1, VP2 and VP3, and Agnoprotein. Finally, virion assembly occurs with the release of newly formed infectious viral particles and cell death [26] .
Several cellular pathways can be disrupted by JCV to complete its viral productive infection, including those related to cell cycle regulation and DNA damage repair. In JCV-infected glial cells, cyclins A, E, B1 [41] , the DNA repair protein Rad51 [8] , and the anti-apoptotic protein Survivin [40] have been shown to be up-regulated and may play a crucial role in the pathogenesis of PML. In addition, results from micro-RNA array analysis suggest that proteins of well-known cellular pathways can be used by JCV as co-factors for viral transcription [41] . For example, Smad proteins, the downstream signal modulators of the transforming growth factor-b (TGF-b) pathway, have been shown to play a role in the activation of the early and late promoters of JCV (JCV-E and JCV-L, respectively) in JCV infected cells and in cases of PML, either alone or in cooperation with the HIV-1 transactivator protein, Tat [13] . These mechanisms may explain, at least in part, why PML is significantly more frequent in patients with AIDS than in any other immuno-suppressive condition.
On the other hand, hypoxia and oxidative stress are important biological events that negatively affect cells in many different aspects including DNA repair, mitochondrial function, necrosis and apoptosis among others. In order to counteract these hazardous stimuli, cells possess different subsets of mechanisms to protect themselves [60] . Under hypoxic conditions, cells specifically respond through a finely regulated mechanism mediated by the hypoxia inducible factor-1 (HIF-1) [21, 51] . HIF-1 is a heterodimeric protein composed of an inducible hypoxiaregulated HIF-1a subunit, and a constitutively expressed HIF-1b subunit (aryl hydrocarbon receptor nuclear translocator, ARNT). Both molecules contain basic helix-loophelix (bHLH) and PAS domains, which are crucial for the formation of the HIF-1a/HIF-1b heterodimer and for DNA binding, respectively [23, 58] . Under non-hypoxic conditions, HIF-1a is generally detected at low levels in the cytoplasm due to its constant degradation mediated through the ubiquitine/proteasome complex [22, 31] . However, under hypoxic conditions, ubiquitination and degradation of HIF-1a are inhibited, resulting in stable levels of the protein in the cytoplasm, which later translocates into the nucleus [21] . It is in this site where HIF-a dimerizes with HIF-1b, to become an active molecule, and in cooperation with other cofactors (CBP/p300, Sp1) [2, 12, 33] binds to specific DNA sequences, known as HIFresponsive elements (core sequence, 5 0 -RCGTG-3 0 ), found in several target genes (i.e. erythropoietin, glycolytic enzymes, vascular endothelial growth factor, etc.) to initiate their transcription [50] . These genes are in control of either to prepare the cell to rapidly counteract hypoxia (by initiating glucose uptake, switching metabolism to anaerobic glycolysis, activating chaperones, etc.), or to adapt to chronic hypoxic conditions (through angiogenesis and erythrocytosis). However, if the damage is so severe that even these mechanisms are exceeded, cell survival and apoptotic pathways can also be activated through HIF-a or different mechanisms [1, 17, 29, 46, 52] . In response to hypoxia, other signaling pathways may be activated by HIF-1, for example, the TGF-b pathway downstream effectors, Smad2, Smad3 and Smad4 can cooperate with HIF-1a to increase VEGF expression or regulate erythropoietin levels in order to restore oxygen levels [48, 49, 64] .
Interestingly, HIF-1a can also be modulated through hypoxia-independent mechanisms. In addition, several reports have identified HIF-1a as a transcriptional regulator during viral infection and inflammation; most notably HIF-1a has been associated with the Respiratory Syncytial Virus (RSV) [19] and to the activation of the Epstein-Barr virus lytic cycle [24] . Since JCV is capable of promoting cellular stress and several transcription factors have been implicated in the activation of the JCV promoter, in the present study, we aimed to determine if HIF-1a plays a role on JCV activation and in the pathogenesis of PML. To our knowledge, this is the first description of a link between the main regulatory factor of hypoxia, HIF-1a, its interaction with the transcriptional machinery of JCV and the development of PML.
Materials and methods

Clinical samples
A total of 10 autopsy samples of PML were collected from the archives of the Pathology Institute, University of Laussane, Switzerland (4 cases), and from the Manhattan Brain Bank (R24MH59724) at Mount Sinai Medical Center, New York (6 cases). Eight samples were from HIV-1 infected patients and two cases were of non-AIDSrelated PML. Normal brain sections from two patients who died of non-neurologic conditions were used as controls. All tissues were obtained under approval from Institutional Review Board (IRB). Table 1 describes the age, gender and associated condition of the PML cases.
Histological and immunohistochemical evaluation
The paraffin-embedded tissue was sectioned at 4 lm thickness and stained with Hematoxylin and Eosin for routine histological diagnosis. A special staining for myelin (Luxol Fast Blue) was performed to highlight areas of demyelination. Immunohistochemistry was performed using the avidin-biotin-peroxidase complex system according to the manufacturer's instructions (Vectastain Elite ABC Kit, Vector Laboratories, Burlingame CA). Our modified protocol includes deparaffinization in xylenes, re-hydration through alcohol up to water and non-enzymatic antigen retrieval in 0.01 M citrate buffer (pH 6.0) heated to 95°C for 40 min in a vacuum oven. After a cooling period of 30 min, slides were rinsed in PBS and incubated in MeOH/3% H 2 O 2 for 20 min to quench endogenous peroxidase. Sections were then rinsed with PBS and blocked with 5% normal horse or goat serum for 2 h at room temperature. Primary antibodies were incubated overnight at room temperature in a humidified chamber. The primary antibodies used in this study included a rabbit polyclonal anti-Agnoprotein (1:2000 dilution, provided by Dr. Mahmut Safak, Temple University, Philadelphia, PA); a rabbit polyclonal antibody against the JCV capsid protein VP1 (1:4000 dilution, kindly provided by Dr. Walter Atwood, Brown University, Providence RI); a mouse monoclonal antibody against SV-40 T-Antigen, which cross-reacts with JCV T-Antigen (clone pAb416, 1:100 dilution, Oncogene, Boston, MA), and a mouse monoclonal antibody for the detection of HIF-1a (clone ESEE122, 1:1000 dilution, Novus Biologicals, Littleton CO). For the detection of the TGF-b downstream pathway molecules, Smads, we used a rabbit polyclonal antibody against Smad3 (FL-425, 1:200 dilution, Santa Cruz Biotechnology Inc, Santa Cruz, CA), and a mouse monoclonal antibody against Smad4 (clone B-8, 1:100 dilution, Santa Cruz Biotechnology). For cellular markers, we utilized mouse monoclonal antibodies for Glial fibrillary acidic protein, GFAP (Clone 6F2, 1:100 dilution, DAKO, Carpinteria CA), and Galactocerebroside, GalC (Clone mGalC, 1:200 dilution, Millipore, Billerica MA). After rinsing thoroughly with PBS, biotinylated secondary anti-mouse or anti-rabbit antibodies were incubated for 1 h at room temperature. Finally, sections were incubated with avidin-biotin-peroxidase complexes (ABC kit) for 1 h at room temperature, rinsed with PBS, and developed with Diaminobenzidine (Boehringer Mannheim, Germany). Sections were counterstained with Hematoxylin and mounted with Permount (Fisher Scientific, Pittsburgh, PA).
Double labeling immunofluorescence
For tissue, deparaffination, antigen retrieval, and blocking steps were performed as described above. For cell cultures, U-87 MG cells were plated on poly-L-lysine-coated glass chamber slides, allowed to attach overnight, fixed with icecold acetone for 3 min and washed in PBS. The first mouse monoclonal primary antibody was incubated over night. After washing with PBS the FITC-conjugated secondary antibodies were incubated for 1 h. After rinsing thoroughly, the second primary antibodies (rabbit polyclonal) were incubated over night, followed by incubation with anti-rabbit rhodamine-conjugated secondary antibodies. Finally, the slides were washed and mounted with VectaShield mounting medium (Vector Laboratories) and visualized by fluorescence microscopy in a Nikon inverted microscope equipped with Deconvolution software (Slidebook 4.0, Intelligent Imaging, Denver, CO).
Cell culture conditions
Primary human oligodendrocytes were isolated following a previously described and well-established methodology [61] . Briefly, CNS tissue obtained from biopsies of patients undergoing lobectomies for epilepsy were trypsinized, filtered through mesh and centrifuged on a 30% Percoll gradient. The initial mixture of dissociated glial cells was suspended in minimal essential medium (MEM, Life Technologies) with 5% FBS, 50 U/ml penicillin and 50 lg/ml streptomycin, and cultured for 48 h in culture flasks. With this protocol, adherent cells such as astrocytes and microglia were separated from the non-adherent oligodendrocytes. The oligodendrocyte fraction was plated at 10 5 cells/well onto poly-L-lysine coated wells of 16-well chamber slides, and cultured for 2 weeks in MEM and 5% FBS. The phenotype of the cells and the purity of the cultures were corroborated by immunohistochemistry with specific markers including Galactocerebroside (Gal-C) and GFAP. U-87 MG cells were maintained with Dulbecco modified Eagle medium supplemented with 10% fetal calf serum, 100 U/ml of penicillin, and 100 mg/ml of streptomycin at 37°C. Supernatant from both cell cultures was examined for the presence of Mycoplasma with a PCR based assay (PCR Mycoplasma Test Kit, MD Biosciences, Saint Paul, Minnesota).
Infections and Western blot analysis
One million primary oligodendrocytes were infected with 100 HA units of the Mad1/SVED strain of JCV, equivalent to a multiplicity of infection (MOI) of 1, in the absence of serum for 3 h at 37°C as previously described [41] . This hybrid JCV contains the sequences for all JCV coding regions and a modified non-coding region in which the distal portion of the second 98-bp repeat sequence has been replaced with an analogous portion of the 72-bp repeat sequence of SV-40, resulting in a more effective viral replication. After infection, cells were washed and re-fed with growth media supplemented with 15% FBS. The efficiency of viral gene expression and viral replication in the infected cells cultures was evaluated by Western blot and immunocytochemistry using anti-Agnoprotein and anti-VP1 antibodies, respectively.
For Western blot analysis, JCV infected and noninfected cells were lysed in TNN buffer (50 mM Tris, pH 7.4, 50 mM NaCl, 5 mM MgCl 2 , 0.5% NP-40) at 5, 10 and 15 days post-infection. Proteins were separated using an 8% acrylamide gel and transferred to a supported nitrocellulose membrane (Trans-blot Ò Transfer Medium, BioRad Laboratories, Hercules, CA). 50 lg of protein was loaded for each condition. A mouse monoclonal antibody against HIF-1a (clone 54, BD Biosciences, San Jose, CA) was used at a 1:500 dilution and a horse anti-mouse horseradish peroxidase secondary antibody (Thermo Scientific, Rockford, IL) was used at a 1:5,000 dilution. Visualization of proteins was performed using the Amersham ECL Plus Detection System (GE Healthcare, Buckinghamshire, UK). Experiments were performed in duplicates. Grb-2 was used as a loading control for both, HIF-1a and Agnoprotein.
Chloramphenicol Acetyl Transferase assay (CAT assay) U-87 MG cells were transiently transfected using the calcium phosphate precipitation method described by Graham and Van der Eb, with some variations [18] . Briefly, cells were plated, grown overnight and re-fed 3 h before transfection. 10 lg of each plasmid were used for transfection. DNA concentrations were kept constant by adding empty vector. The DNA was diluted up to 250 ll of water and mixed with the same volume of 0.5 M CaCl 2 . The resulting DNA-CaCl 2 cocktail was added drop by drop into a tube containing HNP pH 7.1 buffer previously warmed up to 37°C, and after mixing for 15 min added to the cells. After a 5-h incubation period, the medium was removed and glycerol shock was performed (2 ml of 10% glycerol for 1 min). Finally, cells were re-fed with fresh medium. Cells were transfected with reporter constructs containing the JCV promoter from the Mad-1 strain linked to the chloramphenicol acetyltransferase (CAT) gene in the early (JCV E -CAT) and late orientations (JCV L -CAT), plasmids pBLCAT3-Mad1E and pBLCAT3-Mad1L, respectively. The early and late promoters were cloned separately in a unique BamH1 restriction site (position 426). Cells were then co-transfected with a human HIF-1a expressing plasmid (pcDNA3-hHIF-1a: BamHl-XbaI), kindly provided by Dr. Olay Batuman, SUNY Health System, Brooklyn NY; a Smad 3 containing plasmid (pRK5-Smad3Flag: BamHISalI into pRK5F), and a Smad 4 containing plasmid (pRK5-Smad4Flag: EcoRI-SalI into pRK5F).
Cells were harvested after 48 h post-transfection into TEN buffer (40 mM Tris-HCl, pH 7.5, 1 mM EDTA, pH 8.0, and 150 mM NaCl) and lysed in 250 mM Tris, pH 7.8, by several freezes in a dry ice ethanol bath and subsequent thaws at 37°C. Equal amounts of extract protein were analyzed in each assay (5-20 lg). These extracts were incubated with 8 pmol of acetyl CoA and 0.1 lCi of 14 C-chloramphenicol at 37°C for 1 h. After extraction with ethyl acetate, the samples were spotted onto thin-layer chromatography plates, and various forms migrated in a methanol-chloroform (5:95) mixture. The percentage of conversion of 14 C-chloramphenicol was determined with the Molecular Imager FX System (Bio-Rad Laboratories Inc, Hercules, CA). All experiments were performed in triplicates.
Immunoprecipitation, SDS-PAGE and Western blot analyses U-87 MG cells were harvested 48 h after transient co-transfection with the following plasmids: for HIF-1a, pcDNA3h-HIF-1a myc tagged: BamHI-XbaI (kindly provided by Dr. Olcay Batuman); for Smad 3, pRK5-Smad3 Flag: BamHI-SalI into pRK5F; and for Smad4, pRK5-Smad4 Flag: BamHI-SalI into pRK5F. For immunoprecipitation experiments, cells were lysed in TNN buffer and extracts were subjected to immunoprecipitation with either rabbit anti-Smad3 or mouse anti-Smad4 antibodies (10 ll, respectively) using protein A-Sepharose beads (GE Healthcare, Buckinghamshire, UK). Cell extracts were separated using an 8% acrylamide gel and transferred to a pure nitrocellulose membrane (Trans-blot Transfer Medium, Bio-Rad Laboratories Inc, Hercules, CA). A monoclonal mouse anti-HIF-1a antibody (clone 54, BD Biosciences, San Jose, CA) was incubated overnight at 4°C at a 1:500 dilution, and an anti-mouse horseradish peroxidase-conjugated secondary antibody (Thermo Scientific) was used at a 1:5,000 dilution. Negative controls were carried out by incubating protein extracts without a primary antibody and with a non-specific IgG of the same species as the primary antibody. The anti-HIF-1a antibody utilized is different from the one used for immunohistochemistry since the latter is specifically for detection of HIF-1a in paraffin embedded tissues. Detection of proteins was performed using the Amersham ECL Plus Detection System (GE Healthcare) according to the manufacturer's instructions. All experiments were performed in duplicates.
Chromatin immunoprecipitation (ChIP) assay
One million U-87 MG cells were grown overnight in 100 mm dishes to 60-70% confluency; cells were then transiently co-transfected with 2 lg of h-HIF-1a plasmid (pcDNA3h-HIF1a myc-tagged: BamHI-XbaI), and with pBJC plasmid that contains the whole JCV genome (cloned into a pBR322 plasmid: EcoRI), using a FuGene 6 transfection reagent (Roche Applied Sciences). The same plasmid lacking the JCV control region was used as a negative control. Plates were returned to the incubator for 48 h. Cells were cross-linked with 1% formaldehyde, harvested and ChIP was performed. The remainder of the procedure followed standard protocols for ChIP analysis, according to the manufacturer's instructions (Upstate Biotechnology). DNA was sheared by 3-4 cycles Sonication, Amplitude 30, for 10 s. The primary antibody used in the ChIP procedure was a rabitt polyclonal anti-HIF-1a ChIPGrade (ab2185, AbCam, Cambridge, MA) and for negative control a non-specific non-conjugated goat anti-rabbit IgG (Thermo Scientific, Rockford, IL). The following primers spanning the JCV non-coding control region (NCCR) were used for PCR amplification: 5 0 -tggattcctccctattcagcac-3 0 (NCRR1 4993-5004 forward) and 5
0 -atggccagctggtgacaagc-3 0 (NCRR2 258-279 reverse). PCR was 35 cycles (94°C for 45 s, 56°C for 45 s, and 72°C for 45 s), followed by extension at 72°C for 7 min.
Results
Histological and immunohistochemical characterization of PML cases
All PML cases were histologically characterized by the presence of multiple foci of demyelination in the sub-cortical white matter in the sections stained with Hematoxylin and Eosin (H&E). Luxol Fast Blue was used to highlight the absence of myelin in those particular areas (Fig. 1a, b) . At higher magnification, multiple pathognomonic bizarre astrocytes as well as enlarged oligodendrocytes harboring intra-nuclear eosinophilic inclusion bodies were found within the demyelinated plaques (Fig. 1c, d ). In addition, several foamy macrophages were observed in the demyelinated plaques and perivascular cuffing of lymphocytes were present in the periphery of the lesions. The presence of JC viral proteins was corroborated by immunohistochemistry; cytoplasmic expression of the viral accessory Agnoprotein was observed in the bizarre astrocytes as well as in the cytoplasm of infected oligodendrocytes. Likewise, expression of the JCV capsid protein, VP-1, was detected in the intra-nuclear inclusion bodies of oligodendrocytes and in the cytoplasm and nuclei of bizarre astrocytes (Fig. 1e, f) . Expression of T-Antigen was also detected in infected glial cells, astrocytes and oligodendrocytes within demyelinated plaques (data not shown).
Upregulation of HIF-1a in clinical samples of PML
In order to determine the expression of HIF-1a in the context of JCV infection, we performed immunohistochemical analysis in the PML samples and compared the results with HIF-1a expression in non-affected areas of the same samples and with normal brain tissue (Fig. 2a) . Robust immunoreactivity for HIF-1a was observed in both phenotypes of JCV-infected cells; in the intra-nuclear inclusion bodies of infected oligodendrocytes (Fig. 2b) , and in bizarre astrocytes with a homogeneous cytoplasmic pattern of expression (Fig. 2c) , with just a few cells exhibiting a positive reaction in the nucleus (inset). Normal oligodendrocytes, located in the adjacent non-affected areas of the same samples, were consistently negative for HIF-1a, while astrocytes in these adjacent areas were weakly immunoreactive. On the other hand, normal control brain showed no expression of HIF-1a in oligodendrocytes and again a very weak expression in the cytoplasm of normal astrocytes (Fig. 2a, inset) . Interestingly, endothelial cells from small capillaries present throughout the brain parenchyma in areas of demyelination also demonstrated up-regulation of HIF-1a. Since endothelial cells are capable of sustaining active viral infection, these results corroborate the observations from oligodendrocytes and bizarre astrocytes.
In order to demonstrate co-expression of HIF-1a and JCV proteins in both types of JCV-infected cells, we performed double immunofluorescence in the same PML samples. Co-localization between HIF-1a and the capsid protein VP-1 was found in the nuclei of oligodendrocytes harboring inclusion bodies (Fig. 2d) , whereas HIF-1a and Agnoprotein co-localized in the cytoplasm of bizarre astrocytes (Fig. 2e) . Although the morphological characteristics of bizarre astrocytes and oligodendrocytes harboring inclusion bodies are unmistakable, in order to demonstrate their phenotype, we performed double labeling with specific cellular markers. HIF-1a is present in cells expressing Gal-C (oligodendrocytes), and GFAP (astrocytes) (Fig. 2f) .
Upregulation of HIF-1a upon JCV infection in vitro
Based on these findings, the next series of experiments was aimed to determine whether the expression of HIF-1a was induced upon JCV infection in vitro. By Western blot analysis, we found that infection with JCV was capable of inducing HIF-1a protein expression in primary oligodendrocytes, when compared with uninfected cells in which HIF-1a levels remain undetectable (Fig. 3) . Expression of HIF-1a seemed to remain constant at different time points of infection (days 5, 10 and 15). Non-infected cells at the same time points (5, 10 and 15 days) also showed undetectable levels of HIF-1a, corroborating that induction of HIF-1a is the result of JCV infection and not of stress of cell culture conditions (data not shown). Western blot analysis for the viral late product, Agnoprotein, was performed with the same extracts to corroborate that the Fig. 2 Expression of HIF-1a in clinical samples of PML. Immunohistochemistry revealed the up-regulation of HIF-1a in the demyelinated plaques of PML cases at low magnification (a) compared to a very weak signal in the non-affected adjacent normal brain (inset). At higher magnification, HIF-1a is located into the intra-nuclear inclusion bodies of oligodendrocytes (b), and in the cytoplasm of bizarre astrocytes within plaques of demyelination (c). Double labeling with HIF1a (fluorescein) and the capsid protein VP-1 (rhodamine) demonstrates the co-localization of both proteins in the nuclei of oligodendrocytes harboring inclusion bodies (d). Double labeling with HIF-1a (fluorescein) and the accessory Agnoprotein (rhodamine) corroborates the presence of HIF-1a in bizarre astrocytes undergoing active productive infection (e). To corroborate the phenotype of cells expressing HIF-1a, we performed double labeling with specific cellular markers Gal-C for oligodendrocytes, and GFAP for astrocytes (f). Original magnifications, a and inset 9200, b and c 9400, Insets and double labeling panels, 91,000 infection of oligodendrocytes with JCV was active and productive. Grb-2 from the same cell extracts is shown as a loading control for HIF-1a.
Activation of the JCV promoter by HIF-1a and Smads Next, we investigated the up-regulation of HIF-1a and its effect on JCV transcriptional regulation. We performed different sets of CAT assays to determine the involvement of HIF-1a in the regulation of both JCV early and late promoters. Interestingly, we found that both promoters can be activated by HIF-1a. Activation of JCV-E promoter was increased in 4.80-fold, while the JCV-L promoter was activated 2.65-fold (Fig. 4a) .
As we have previously reported, the TGF-b pathway downstream molecules, Smad3 and Smad4, can activate both the early and late promoters of JCV in glial cells [13] . Likewise, cooperation between Smad3, Smad4 and HIF-1a in response to hypoxia has also been shown in different cell cultures [48] but not in astrocytic cell lines. Thus, our next set of experiments included the study of the activation and putative cooperation between HIF-1a, Smad3 and Smad4 on the JCV-E promoter. Our findings not only corroborated activation of the JCV-E promoter by Smad3 and Smad4 (11.80 and 6.48-fold, respectively) as expected, but also showed the synergy of these molecules with HIF-1a at the level of transcription. Interestingly, activation of JCV-E promoter by Smad3 and HIF-1a was significantly higher than the activation observed with Smad4 and HIF-1a (17.42 compared to 8.84-fold, respectively) (Fig. 4b) .
Co-localization and physical interaction between HIF-1a and Smads in JCV infected cells Based on these results, in the next series of experiments we determined if co-localization and physical interaction between HIF-1a and Smads3 and 4 occur in PML samples and in cell cultures. To achieve this, double-labeling immunofluorescence was performed in PML cases as well as in U-87 MG cell cultures. In both, co-localization of HIF-1a (fluorescein) and either Smad3 or Smad4 (rhodamine) was observed (Fig. 5) . In PML samples, HIF-1a and Smad3 were found co-localizing in the nuclei and cytoplasm of bizarre astrocytes, and in the nuclei of oligodendrocytes harboring inclusion bodies (Fig. 5a ). In contrast, Smad4 was found in co-localization with HIF-1a in the nuclei and cytoplasm of bizarre astrocytes, and in a large number of JCV infected oligodendrocytes (Fig. 5b) . In U-87 MG cell cultures, HIF-1a and Smad3 were found in the nuclei (Fig. 5c) , and HIF-1a and Smad4 were found co-localizing in the nuclear and cytoplasmic compartments (Fig. 5d) . Corroborating these results, immunoprecipitation with Smad3 and Smad4 primary antibodies followed by Western blot for HIF-1a demonstrated not only co-localization, but also a direct interaction between these proteins (Fig. 5e ).
HIF-1a binds to the control region of JCV Once the activation of the JCV promoter by HIF-1a was established, chromatin immunoprecipitation (ChIP) assay was performed to determine if HIF-1a is bound in vitro to the control region of JCV (CR). U-87 MG cells were transiently co-transfected with a HIF-1a plasmid and a pBJC plasmid, which contains the whole JCV genome, cross-linked, lysed and sonicated under standardized conditions (see ''Material and methods''). Immunoprecipitation was performed with an anti-HIF-1a antibody or a non-specific rabbit IgG. DNA associated with the resulting immunoprecipitates was amplified using primers spanning the JCV CR (see ''Material and methods''). A 426 bp PCR product corresponding to the amplified CR was observed when anti-HIF-1a antibody was present (lane 3) but not when using a non-specific IgG (lane 4), indicating that HIF-1a physically binds to the JCV CR. A plasmid lacking the JCV control region was used as an additional negative control, ruling out HIF-1a interactions with plasmid sequences (Fig. 6a) . HIF-1a protein expression in non-transfected and transfected cell lysates was demonstrated by Western blot analysis (Fig. 6b) . assembly through a HIF-1a dependent mechanism. The underlying physiologic hypoxia found in the bone marrow increases HIF-1a intracellular levels and apparently, may be a determinant for completing the viral infectious cycle [39] . Another common pathogen, respiratory syncytial virus (RSV), considered the main cause of bronchiolitis in children, can be activated through stabilization of HIF-1a in cultured bronchial epithelial cells [19, 27] . The present study was aimed to determine if an association between HIF-1a and the human neurotropic virus JCV exists. Our first objective was to determine the levels of expression of HIF-1a in PML archival tissue. HIF-1a was found upregulated in glial cells where JCV replication takes place, bizarre astrocytes and oligodendrocytes. We believe that this increase in the levels of HIF-1a is the response of cellular stress caused by the infection with JCV. Interestingly, while the expression of HIF-1a in oligodendrocytes is predominantly nuclear, in bizarre astrocytes in predominantly cytoplasmic, with some cells exhibiting both, nuclear and cytoplasmic. This could be explained by the different behavior shown by oligodendrocytes and astrocytes in response to JCV infection. While viral replication takes place in the nuclei of infected oligodendrocytes, resulting in their lytic death, in astrocytes viral replication takes place in both cellular compartments and it does not result in their cytolysis but in their bizarre phenotype. Another interesting observation was the up-regulation of HIF-1a in endothelial cells from small capillaries present within areas of demyelination. Previous reports have demonstrated that endothelial cells are capable of sustaining active viral replication by JCV [7] , which in association with the enormous stress of these areas caused by the demyelinating process are responsible for the up-regulation of HIF-1a in these cells.
To corroborate the results observed in the clinical samples in an in vitro system, in the next series of experiments, we studied the levels of HIF-1a in primary oligodendroglial cultures and confirmed that JCV infection results in the activation of HIF-1a, compared with uninfected cells in which the levels of HIF-1a remain undetectable.
On the other hand, several transcription factors have the ability to bind to the JCV CR and have been implicated in the activation of the JCV promoter. For example, YB-1 binds in close proximity to the TATA box and enhances late gene transcription [25] , NF-jB, important for early and late activation [32, 42, 47] , the novel DNA binding protein Pur-a, which is capable to bind to the CR and stimulate transcription of T-Antigen [15, 16] , BAG-1 [11] , the early growth response protein 1 or Egr-1 [45] , NF-1 [30] , and Smads, the downstream molecules of TGF-b [13] , among others. However, there are still several other proteins that can interact with the JCV control region but remain unknown. Considering that HIF-1a is another prominent transcription factor that has been implicated in the activation of several viruses, in the next series of experiments, we performed transcription activation assays to determine the possible activation of the JCV promoter by HIF-1a and we found activation of both the early and late promoters. Interestingly, the activation was potentiated in the presence of Smads, which suggests cooperation between HIF-1a and other proteins in the stimulation of JCV transcription and replication. Thus, in the next series of experiments, we demonstrated the colocalization of HIF-1a and Smads in the nuclei of JCV affected glial cells in cases of PML and in vitro, as well as their physical interaction by co-immunoprecipitation. Finally, through chromatin immunoprecipitation assay, we demonstrate the binding of HIF-1a to the JCV control region.
We hypothesize that under oxidative stress conditions caused by the presence of HIV, HIF-1a levels increase, leading to the direct and/or indirect activation of the JCV promoter, promoting a more efficient active viral replication. However, future studies are needed to unravel more detailed mechanisms of this activation, including the interaction between different signaling molecules affected by the presence of JCV. The Survivin pathway is, in our opinion of particular interest, since this protein, which is normally absent in fully differentiated tissues, has been demonstrated to be reactivated by JCV infection, resulting in prevention of apoptosis and efficient viral replication [40] and Survivin activation has recently been associated with the presence of HIF-1a [14, 59] .
In addition several questions arise. For example, HIF-1a has also been implicated in viral oncogenesis [38] . Perhaps one of the most studied viruses in association to the HIF-1a machinery is the Kaposi's sarcoma-associated herpes virus (KSHV) [5, 6, 9, 20] . KSHV is able to stabilize HIF-1a through phosphorylation by MAP kinases and PI3/Akt, and to force HIF-1a to bind to HREs found in the viral genome, stimulating the formation of new virions [53] . However, the secondary activation of HIF-1a by HHV-8 also induces the transcription of VEGF and other factors that promote endothelial cell proliferation and may facilitate the progression of Kaposi sarcoma [5, 6, 9, 20, 38] . In a similar way, hepatitis B virus (HBV) [35, 62, 63] , hepatitis C virus (HCV) [36] , Epstein-Barr virus (EBV) [24, 28, 57] and recently, the human T-cell leukemia virus-1 (HTLV-1) [55] can stabilize HIF-1a and utilize this protein either to complete their lytic cycle or to facilitate tumor progression as well as intra-tumoral neo-angiogenesis. On the other hand, the oncogenic potential of JCV has been extensively demonstrated in vitro and in animal models, and there is mounting evidence suggesting a role for JCV in human cancer. Therefore, new studies are needed to establish if there is any correlation between the expression of HIF-1a and the transforming abilities of T-Antigen, which may represent a contributing factor in the oncogenesis of JCV.
Another interesting topic regarding the association of HIF-1a with JCV infection is viral latency and reactivation. It is well established that after a sub-clinical primary infection, JCV remains in a latent state in the kidney [3] , one of the organs that has the capability to detect hypoxia and to stimulate erythropoiesis. It could be hypothesized that hypoxic conditions, with their consequent activation of HIF-1a, may also stimulate the reactivation of JCV. One possible mechanism that may be favorable for viral replication involves glycolysis, which is activated during hypoxic conditions, resulting in the increased synthesis of pyrimidines and purines, required by viruses to achieve replication.
Taken together, these results show for the first time the involvement of HIF-1a in the activation of the JCV promoter, a crucial step for viral transcription and viral replication, which along with other pathways affected by JCV, such as Survivin, will eventually result in the development of PML. Understanding of the molecular mechanisms involved in these events may result in the development of more effective treatments for PML, a thus far fatal disease.
